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Extended secondary structureSupersecondary structures of proteins have been systematically searched and classiﬁed, but not enough attention
has been devoted to such large ediﬁces beyond the basic identiﬁcation of secondary structures. The objective of
the present study is to show that the association of secondary structures that share some of their backbone
residues is a commonplace in globular proteins, and that such deeper fusion of secondary structures, namely ex-
tended secondary structures (ESSs), helps stabilize the original secondary structures and the resulting tertiary
structures. For statistical purposes, a set of 163 proteins from the protein databank was randomly selected and
a few speciﬁc cases are structurally analyzed and characterized in more detail. The results point that about 30%
of the residues from each protein, on average, participate in ESS. Alternatively, for the speciﬁc cases considered,
our results were based on the secondary structures produced after extensiveMolecular Dynamics simulation of a
protein–aqueous solvent system. Based on the very smallwidth of the time distribution of the rootmean squared
deviations, between the ESS taken along the simulation and the ESS from the mean structure of the protein, for
each ESS, we conclude that the ESSs signiﬁcantly increase the conformational stability by forming very stable ag-
gregates. The ubiquity and speciﬁcity of the ESS suggest that the role they play in the structure of proteins, includ-
ing the domains formation, deserves to be thoroughly investigated.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The properties of proteins depend on their chemical composition
and three-dimensional structure; the primary structure represents the
former, and the relative positions of the atoms deﬁne the latter, which
includes secondary and tertiary structures. The secondary structure
has repetitive, ordered patterns, such as α-helices and β-sheets, com-
monly connected by regions, which do not have repetitive patterns,
but they still can be ordered and often play important roles in deﬁning
the global protein structure [1–5]. Combinations of secondary struc-
tures, such beta–alpha–beta or helix–turn–helix, occur frequently, and
are called supersecondary structures. Recurrent structures, as part of
many distinct proteins, have been systematically searched and classi-
ﬁed, summing about 1400 motifs (according the number of folds avail-
able in the PDB based on SCOP). All of them have speciﬁc names,
including, for instance: beta-hairpin (two anti-parallel beta strands con-
nected by a beta-turn); Greek keys (four adjacent anti-parallel beta
strands folded on themselves); alpha–alpha hairpin (two helices con-
nected by a short loop); coils (two helices wound around each other
in a super coil); and EF-hand (two helices connected to a relatively
large loop). In general, themain factors that deﬁne andmaintain protein
structures are: the chemical (covalent) bonds; the Coulomb and55 16 36024838.
fuzo@usp.br (C.A. Fuzo),
ights reserved.multipolar interactions; the so-called van der Waals interactions; and
the interactions of the protein components with those of the medium,
speciﬁcally, with molecules of the solvent and ions. It is not yet possible
to describe accurately and fully these complex molecular systems, like
proteins, by considering only the interactions of pairs of particles,
atoms or groups of particles.
Except for identifying classical secondary structures that “live to-
gether,” not enough attention has been devoted to extended ediﬁces
existing in the protein structures. Such extended secondary structures
(ESSs) are easily identiﬁed as stabilizing factors in proteins, as have
already been demonstrated for some cases, such as for amyloid ﬁbril
proteins [6] and for the special case of the polyproline II helix (PPII, a
kind of extended secondary structure present in a number of proteins)
[7], as well in RNA molecules [8–11]. The details and generalities of
the energetic interactions that stabilize the ESS have not received
much attention. Therefore, the main purpose of the present study is to
show that the association of recognized secondary structures, sharing
backbone atoms, is a commonplace in globular proteins; and that such
composed larger structures, in turn, help to stabilize the original sec-
ondary structures and the resulting tertiary structures. Our study con-
siders only those bonds that speciﬁcally deﬁne a secondary structure
— the hydrogen bonds (HB) betweenmain chain atoms. Thus, other sta-
bilizing forces, such as van der Waals interactions or hydrophobic ef-
fects, are disregarded. For statistical purposes, our study considers a
set of randomly chosen proteins from the protein databank, but we se-
lect a few speciﬁc cases and analyze their structural characteristics in
greater detail for discussion and illustration.
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For a general analysis, we consider a set of 163 proteins randomly
chosen from the protein databank (PDB IDs: 153L, 1A0B, 1A6F, 1A7D,
1ABO, 1ABZ, 1AD6, 1AIR, 1AMX, 1AU1, 1AVP, 1B04, 1B41, 1B8W,
1BAS, 1BB1, 1BCX, 1BD8, 1BDE, 1BFF, 1BFG, 1BK7, 1BRF, 1BXZ, 1BYY,
1C25, 1C44, 1CEM, 1CHD, 1CLK, 1COI, 1COL, 1CVS, 1CWY, 1CZT, 1D0B,
1D4A, 1D9G, 1DDE, 1DFN, 1DSL, 1DVK, 1DVN, 1E1X, 1E3Z, 1E65,
1EKG, 1ENH, 1ES3, 1ES6, 1F82, 1FGA, 1FIL, 1FSD, 1FSV, 1FYH, 1G2C,
1G6U, 1GO1, 1GZI, 1H5O, 1HEH, 1HKA, 1HOE, 1HST, 1HYP, 1IC9, 1ICL,
1IGD, 1JET, 1JS0, 1K3T, 1KFP, 1KUV, 1L35, 1LBA, 1LOP, 1MAZ, 1MIR,
1MJC, 1MOL, 1MWP, 1N6U, 1NAR, 1NFN, 1NOA, 1OKE, 1OMN, 1OVB,
1P9U, 1PAH, 1PAU, 1PBW, 1PHR, 1POA, 1PRC, 1PSZ, 1QGI, 1QJV, 1QLG,
1QMY, 1QNX, 1QUV, 1R69, 1RIE, 1S1Q, 1SEK, 1TAH, 1TES, 1TFG, 1TG8,
1THM, 1THV, 1TML, 1TRI, 1TSK, 1UBI, 1UCH, 1UDG, 1V37, 1VCC, 1VFY,
1VHH, 1W4F, 1WLJ, 1WU0, 1WU3, 1X22, 1XNB, 1YER, 1YTN, 1ZON,
2BLT, 2CBA, 2DLL, 2E5U, 2END, 2F66, 2G9Q, 2GAR, 2GMF, 2HJ8, 2HYM,
2KJD, 2LKF, 2LZM, 2MLT, 2OQ0, 2OVO, 2POL, 2PTH, 2QIQ, 2RN2, 2TRT,
2WJ8, 2WK3, 2XSP, 2XTC, 2ZC4, 3BA2, 4FXC, 4TF4, XTL2). Their size
ranges from 17 to up to 7499 amino acids. More than 80%, however,
have fewer than 300 residues. Most of them (114) are monomeric pro-
teins, but the set also includes dimers (27), trimers (4), tetramers (12),
and a fewmulti-domains, with up to 24 domains. We identify each sec-
ondary structure according to the Kabsch and Sander method [12],
which recognizes a secondary structure as a repeat of the elementary
hydrogen-bonding patterns that form “helices” through turns and “lad-
ders” through parallel or anti-parallel bridges (“sheets” are connected
ladders). In turn, we identify the ESSs by grouping the residues of the
recognized secondary structures that share backbone atoms including
as well the residues bound by one of them by hydrogen bonds between
main chain atoms, identiﬁed by the Kabsch and Sander criteria [12]. In
some cases these last residues can connect two secondary structures in-
creasing the extension of the ESS. The construction of the ESS is illustrat-
ed in the Results section.
For discussion and illustration, we consider, in detail, the structural
characteristics of a monomer of the envelope protein (E protein) of the
dengue virus serotype 2. The E protein has 394 residues organized in
three domains: DI (residues 1–52; 133–193 and 281–296); DII (53–132
and 194–280); andDIII (296–394). Its structure in the dimeric conforma-
tion, determined by X-ray diffraction [13,14] is found as dengue 2 virus
envelope protein PDB ID: 1OKE [15].We obtained the complete set of in-
formation on the secondary structures from the all-atom trajectories pro-
duced by the Molecular Dynamics (MD) of a monomer–aqueous solvent
system at physiologic ionic strength (150 mM), using the Gromacs 4.5.3
package [16–20]. The temperature and pressure of the systems were
maintained, respectively, at 300 K and 1 atm, applying the Berendsen
et al. thermostat and barostat [20,21]. The model SPC/e described the
water molecule [22]. The GROMOS96 43a1 force ﬁeld described the
atom interactions [23]. The SETTLE algorithm [24] preserved the struc-
ture of the water molecules, and the LINCS algorithm helped maintain
the bonds with the hydrogen atoms [19]. Electrostatic interactions
were cut off at 1.2 nm, and the smooth particle mesh Ewald method
[25] was applied to complete the energy calculations. We adjusted the
ionic strength of the medium by adding Na+ and Cl−. The simulation
time was 400 ns but only the interval from 250 to 400 ns was used in
the study. We ﬁxed the charges of the arginine and lysine residues at
+e, and the residues of aspartic and glutamic acid at−e (e is the elemen-
tary charge) in order to emulate a pH of about 7 [29].
3. Results
Secondary structures may be deﬁned by the regular pattern of back-
bone dihedral angles, or formally identiﬁed by the patterns of hydrogen
bonds betweenbackbone amino and carboxyl groups, as it is done in the
Kabsch and Sander method [12], and adopted here. Therefore, the ESSs
are settled down as follows: if two conventional secondary structuresshare one or more common residue, they are identiﬁed as constituents
of an ESS; this procedure can eventually add more than two secondary
structures in a single ESS. Note that the method of Kabsch and Sander
can identify pairs of residues, say R1 and R2, connected by a HB even
if one of them, for example R1, does not belong to any conventional sec-
ondary structure. However, if R2 belongs to a speciﬁc ESS, then R1 is in-
cluded as part of this ESS. On the other hand, since atoms of the main
chain of helices are not exposed on their exterior side, helices them-
selves cannot pertain to an ESS (for instance, helix bundle fold), in
which the stabilizing interactions between the helices do not occur
through HB between main chain atoms.
In our analysis, the residues totaled 32,120 and from these, 7007 res-
idues formed 708 parallel or anti-parallel sheets; and 114 of the 163
proteins presented the ESS (about 70% of the set of the randomly select-
ed proteins). We found 290 ESSs, involving 5639 residues. Fig. 1 gives
the distribution of the number of residues NESS, namely d(NESS), in the
ESS, for NESS N 4; the inset shows how the sizes of the selected proteins
are distributed. Fig. 1B shows the distribution f(ϕ) of the relative num-
ber ϕ = NESS / NTOT of residues in the ESS: NESS and NTOT are, respec-
tively, the number of residues belonging to the ESS of a protein and to
the total number of residues of that same protein. The average of the
numberNESS of residues in the ESS is about bNESSN = 25 and, more rep-
resentatively, the average of the relative number bϕN = 0.3 indicates
that about 30% of the residues of each protein, on average, participate
of ESS.
In general, this data suggests that due to their extension, the ESSs are
easily detected and can determine the structure and stability of the pro-
tein. To verify this conjecture and to validate the identiﬁcation method
of the ESS, by direct inspection, we analyzed a speciﬁc protein in detail,
namely, the monomer of the envelope protein of the dengue virus, PDB
ID: 1OKE [13–15]. Firstly, we identiﬁed the ESS, and thenwe investigat-
ed its temporal behavior in order to establish a correlation between the
ESS and the stability of speciﬁc regions of the protein.We calculated the
root mean square deviation (RMSD) for the Cα atoms between the ex-
perimental structure and the ensemble mean structure, obtained after
a longMD run at physiological condition: pH about 6 and ionic strength
of 150 mM (see “Material and Method” section); the resulting root
mean square deviation is about 0.9 nm, which indicates that the two
structures are similar overall with localized discrepancies [26].
The secondary structures were identiﬁed by the set of HB between
the atoms of the backbone, as previously described; the 187 HB found
in the EMS (the ensemble mean structure, EMS, is the mean structure
of the protein calculated during the last 50 ns of the simulation) are
practically the same ones found in the experimental structure. Table 1
shows the resulting β sheet structures in the EMS compared with the
1OKE data. Small differences are indicated in yellow for sheet labeled
ns = 1; in red for the anti-parallel sheet ns = 3, 6, 9 and 21, which
exist only in 1OKE; and, mainly, in the anti-parallel sheet (99–101,
106–108), ns = 11, found in the simulated structure but not found in
1OKE.
A new structural pattern – the extended secondary structures, or
ESSs – is always identiﬁed when certain residues participate in more
than one secondary structure or are hydrogen bonded between main
chain residues to a residue of a secondary structure. The secondary
structures of themonomer of the E protein of the dengue virus are listed
in Table 1. The β-sheet 2, ns = 2, shares the residues 285–288 with
ns = 14 but ns = 14 shares in its turn the residues 182 and 183 with
ns = 13 so that the group of residues 20–25, 171–175, 179–185 and
283–288 is bound by hydrogen bonds between main chain atoms. In
the same way, the β-sheets 4, 5 and 12; 15 and 16; 18 and 19; and 20
and 22 form groups of residues bound by hydrogen bonds between
main chain atoms. Moreover small numbers of hydrogen bonds do not
deﬁne commonly a secondary structure. This is what is observed with
some residues of just identiﬁed groups that are also hydrogen bound
with other residues without deﬁning secondary structures. This is the
case of residues 291 and 292 that are hydrogen bound with residues
Fig. 1. (A): The distribution (NESS) of the number of residues NESS in the ESS suggests that in the present sample of proteins, inmost of them, the ESSs involve a relatively small number of
residues: The distribution's peak is in the interval 5 b NESS b 15, and the average about bNESSN = 25. The inset shows how the proteins' sizes are distributed; note that there are a few
proteins with more than 800 residues and, therefore, larger ESS can occur, with the ESS containing more than 100 residues, as indicated in the ﬁgure. Also, the normalized amount
ϕ = NESS / NTOT was calculated for each protein, where NTOT is the total number of residues in the pertinent protein; the distribution f(ϕ) is shown in part (B): It suggests that more
than 40% of the proteins have about 20% of their residues contributing to the formation of the ESS. The average of the relative number is about bϕN = 0.3 indicating that about 30% of
the residues of each protein, on average, participate in the ESS.
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plete ESS is 20–25, 171–175,179–185, 283–288, 291 and 292; namely,
the ESS #2 in Table 2. The other ESSs are constructed in the same way.
The ﬁve identiﬁed ESSs are depicted in Fig. 2. Their constitution, size
and residue identiﬁcation, and their respective mean RMSD values are
listed in Table 2, which shows that the ESSs are distributed among the
three protein domains; the mean RMSD, represented here by bRMSDN,
is calculated from a set of timely equidistant conﬁgurations taken along
the simulation. The set of all the RMSD valueswas calculated taking into
account, along the simulations, the deviations of the positions of these
Cα atoms of the corresponding ESS relatively to their positions in the en-
semblemean structure. SomeESSs are very large, involvingup to 63 res-
idues (ESS #3). These ESSs (identiﬁed from the EMS) allow the analysis
of the internal movement of the protein through the evolution of their
RMSD over time. The distributions of the RMSD are shown in Fig. 3.
The distribution DESS(r) suggests that the ESS may signiﬁcantly in-
crease the protein stability, since most calculated average RMSDs,
namely bRMSDN, are smaller than 0.1 nm while the average bRMSDNTable 1
β-Sheet secondary structures, labeled ns, from the crystallographic structures of the E pro-
tein of the dengue virus (PDB ID: 1OKE) and from the corresponding simulatedmean con-
formation (EMS). The sheets ns = 1 of 1OKE and EMS are parallel sheets while all others
are anti-parallel sheets. The small differences between the set of β-sheets of EMS and
1OKE structures are the slightly modiﬁed parallel sheet, ns = 1, shown in yellow, and
the four β-sheets, namely ns = 3, 6, 9 and 21, existing only in the 1OKE structure,
shown in red; and the β-sheet ns = 11 existing only in the EMS is shown in green.
Figures in black represent common strands in both cases.
ns 1OKE EMS ns 1OKE EMS
1 9–13 30–34 8–13 29–34 12 138–141 160–163 138–141 160–163
2 20–25 283–288 20–25 283–288 13 171–175 179–183 171–175 179–183
3 31–33 41–43 – – 14 182–186 284–288 182–185 285–288
4 41–45 139–143 40–45 139–144 15 196–200 205–209 196–200 205–209
5 47–50 135–138 47–50 135–138 16 205–207 268–271 205–207 268–271
6 54–72 113–129 – – 17 238–241 249–252 238–241 249–252
7 57–59 220–222 57–59 220–222 18 306–308 324–326 305–308 324–327
8 62–66 118–123 62–65 119–123 19 320–324 365–369 320–324 365–369
9 69–72 113–116 – – 20 337–339 378–380 337–339 378–380
10 90–99 109–118 90–97 111–118 21 350–351 369–370 – –
11 – – 99–101 106–108 22 374–380 387–393 375–380 387–392of the protein is 0.25 nm. The small values of the bRMSDN and the
good deﬁnition of the proﬁles of the distributions of quadratic devia-
tions demonstrate that the ESS can be thoroughly identiﬁed. Indepen-
dent studies fully corroborate these results, speciﬁcally the ones
obtained with two other proteins, PDB IDs: 1QLG and 2XSP (as shown
in Appendix A): ESSs stabilize large regions of the protein or generate
large patches of cooperative movements. Another characteristic of the
ESS is that they are responsible for the domain deﬁnition by means of
their aggregation features.
As a last point, we comment that when the bRMSDNs refer to
structures with signiﬁcantly different numbers of residues (although
the RMSD calculation is normalized with respect to the protein size),
the comparison among them may be artful because larger chains
may present, comparatively, an increased RMSD, duemainly to the pos-
sibility of molecular motions to great extent. However, in order the es-
tablish how much the distribution DESS(r) may change under different
stability conditions, which is the point here, calculations were carried
out again for the dengue 2 virus envelope protein (protein E; PDB ID:
1OKE [15]) under two distinct stability conditions: in one case, all the
histidine residues of the protein were completely protonated and, in
the second case all the histidine residues were protonated only in one
of the δ or ε positions. The ESSs in both cases are formed by almost
the same residues, but the distributions DESS(r) are very different, asTable 2
Lists of the residues in the extended secondary structures (ESSs) found in the EMS of the E
protein monomer. N is the number of residues pertaining to the ESS, and D indicates the
respective domain. The last column (bRMSDN): average RMSD (nm, with reference to
the EMS) and the corresponding standard deviations for each ESS.
ESS N D bRMSDN
1 37 I 8–13, 29–34, 40–45, 135–144, 160–163 0.06 ± 0.03
2 26 I 20–25, 171–175, 179–185, 283–288, 291, 292 0.04 ± 0.02
3 63 II 57–65, 90–108, 111–128, 196–200, 205–212,
220–221, 268–271
0.08 ± 0.04
4 26 I&III 147, 148, 305–310, 313, 314, 320–327, 350, 351,
366–370
0.05 ± 0.03
5 16 III 337–340, 375–380, 387–392 0.04 ± 0.02
Fig. 2. The extended secondary structures of the E protein (monomer) are colored in yel-
low (ESS(1)), green (2), blue (3), dark yellow (4), and magenta (5).
Fig. 4. The same as in Fig. 3 where: (i) the histidine residues are protonated only in one of
the δ or ε positions (in black); and (ii) the histidine residues are protonated in both δ and ε
positions (in red).
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unstable (here, when all their histidine are completely protonated),
large structural ﬂuctuations around the native conformation is ob-
served, as shown by a broad distribution of bRMSDN. On the contrary,
the signiﬁcant increase of the protein stability (under partial proton-
ation of the histidine) is clearly indicated by the narrow distribution
of bRMSDN.4. Conclusion
Extended secondary structures in proteins are formed by the aggre-
gation of secondary structures, directly interacting through atoms of the
main chain. The ensemble of residues constituted in such away are held
together by means of extensive set of hydrogen bonds, which can con-
ﬁgure aggregates much larger than individual secondary structures
with equivalent stability. The contact region between neighboring sec-
ondary structures has been the object of different studies in proteins
and RNA molecules [7–11], and in particular as a important region for
protein–protein recognition [27]. Some advantages of considering ESS
are that they don't require further special criteria to be deﬁned; they
can be easily identiﬁed provided that the secondary protein structure
is available; they form cohesive regions easily identiﬁed in the protein
structure; and they indicate regions where structural ﬂuctuations are
more or are less likely. As deﬁned here, an ESS never can be formed by
a set of helices as, for example, alpha–alpha hairpin. On the otherFig. 3. RMSD distribution DESS(r) of the Cα of the E protein (monomer) for each ESS
(r = RMSD). The calculations took into account, along the simulations, the deviations of
the Cα relatively to their respective positions in the ensemble mean structure. The curves
give a visual impression of how RMSDs are, in general, slightly spread.hand, the inclusion in the ESS of residues that do not belong to any sec-
ondary structure extends the concept of stability of protein structures,
showing that two ormore regions, hitherto classiﬁed as distinct, can be-
have as awhole, belonging to the samemotif. This is the case of residues
291 and 292 of ESS #2. Extended secondary structures play key roles in
the ﬁnal settlement and preservation of the protein conformation and,
by extension, of the structural properties of the protein domains when
they are present, or of the intrinsically disordered proteins when they
are rare or absent [5]. Indeed, beyond the secondary structures, such
as β strands and α helixes, the ESSs are found in many proteins, signif-
icantly increasing their conformational stability by forming very stable
aggregates. The analyses of a random set of 163 globular proteins (of di-
verse sizes and totaling 32,120 residues) show that more than 20% of
the residues, on average, are involved in forming the ESS. The normali-
zation of the number NESS of residue belonging to the ESS in each pro-
tein, with respect to its total number NTOT of residues, namely,
ϕ = NESS / NTOT, shows that the peak of the distribution f(ϕ) corre-
sponds to the interval 5 b NESS b 15, and that the average bϕN is about
30%. This indicates that about 30% of the residues from each protein,
on average, participate in one ESS.
For the case considered here, the E protein of the dengue virus and
the distribution of the RMSD values obtained from MD simulation
show that almost all calculated RMSD for each ESS in the E protein –
with reference to the ensemble mean structure – falls within the
range 0 b RMSD b 0.1 nm. Furthermore, the ESSs are spread over all
three domains of E protein. In particular, the ESS #4 in the interface of
two domains (Fig. 2), DI and DIII, is a salient protein inter-atomic inter-
action factor keeping them steadily together.
Finally, we argue that the ESS can be seen as one of the ﬁnal stages of
the hierarchical folding process, which begins locally by forming
malleable building blocks and progresses through intra-building block
interactions, until reaching the native structure, as described in Refer-
ence [28]. Therefore, our preliminary observation is that the ubiquity
and speciﬁcity of the ESS suggest that the role they play in the structure
and stability of proteins deserves to be thoroughly investigated.Acknowledgements
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Residues involved in the extended secondary structures (ESSs) for
two more proteins, namely PDB IDs: 1QLG and 2XSP. N is the number
of residues pertaining to the ESS. Last column (bRMSDN): RMSD aver-
ages between the crystallographic structures and the structures ESS ob-
tained from 100 ns MD simulations and the corresponding standard
deviations for each corresponding RMSD.ESS N 1QLG/residues bRMSDN
(nm)
1 26 63–67, 290, 291, 303–306, 311–316, 322–330 0.12 ± 0.06
2 23 70, 71, 344–347, 350, 351, 356–364, 376–381 0.15 ± 0.09
3 16 85–88, 98–103, 107–112 0.05 ± 0.03
4 54 129–132, 135, 136, 141–149, 155–163, 169–173,
180, 181, 189, 190, 203–205, 211–218, 224–227
0.09 ± 0.05
5 16 249–253, 2598–263, 273–277 0.04 ± 0.02
ESS N 2XSP/residues bRMSDN
(nm)
1 113 14–20, 26–33, 85–87, 91–98, 105–113, 122, 123, 128–135,
144–150, 215–221, 227–232, 260, 261, 264, 265, 287–295,
306–312, 333–343, 369–376, 424–428, 431–434
0.11 ± 0.07References
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